The rocks in the crust are pervaded by stress-aligned fluid-saturated microcracks, and the complex fault tectonics and stress control the configuration of the microcracks, however shear-wave splitting could indicate this kind of characteristics. In this paper, Capital Area Seismograph Network (CASN), the widest scope and highest density of regional seismograph network presently in China, is adopted to deduce the principal compressive stress field distribution pattern from polarizations of fast shearwaves, based on shear-wave splitting analysis. The principal compressive stress in capital area of China is at NE85.7° ± 41.0° in this study. Compared with the results of principal compressive stress field in North China obtained from other methods, the results in this study are reliable in the principal compressive stress field distribution in capital area. The results show that it is an effective way, although it is the first time to directly obtain crustal stress field from seismic anisotropy. It is effectively applied to the zones with dense seismograph stations.
, the mantle [3] [4] [5] to the core [6, 7] . Seismic anisotropy in the crust is more complicated if compared with those both in the mantle and in the core, because of the factors, such as smaller scale, structure complexity, transverse inhomogeneity, change of stress and limited data analysis technology. However, it is one of important scientific fields since it is much related to the geologic and geophysical aspects [8, 9] . There are different sources which can result in the crustal seismic anisotropy, such as alignments of laminations or specific structures in rocks, horizontal layer structures and stress, while the most important source is from the EDA (Extensive-Dilatancy Anisotropy) cracks ubiquitously in the crust [10] . The seismic anisotropy of EDA-cracks can well be simulated theoretically by the APE (Anisotropy Poro-elasticity) model [11] , which can depict the dynamic characteristics of the seismic anisotropy in the crust [12, 13] . Shear-wave splitting is an efficient tool in studies of seismic anisotropy. Researches show that shear-wave can split when it travels through the anisotropic crust and the shear-wave splitting is sensitive to the anisotropic characteristics [1] . Stress and changes can directly influence the characteristics of shear-wave splitting [1, [14] [15] [16] [17] [18] [19] [20] with which stress field and distribution of faults in the crust can be further analyzed [14, [21] [22] [23] [24] [25] .
Crustal stress field and distribution of faults are two aspects which correlate to each other, both of which greatly influence the changes in shear-wave splitting.
Seismic anisotropy in the crust is closely related to structure and stress field [26, 27] . Earlier researches mainly compared the shear-wave splitting and the basic stress field [14, 21, 23, 28] . However, on the basis of the fact that polarizations of the fast shear-waves parallel to the predominant alignment EDA-cracks and are consistent with in situ principal compressive stress [1] , seismic anisotropy becomes a new study extension to analyze the principal compressive stress field by polarizations of fast shear-waves.
Researches on seismic anisotropy in the crust are very constrained because of the limits of distributions of stations and seismicity. In recent years, permanent and temporary seismograph networks have been set up more and more densely in China [29, 30] , as a result, more and more data are recorded. Based on lots of data and analysis of shear-wave splitting, this paper puts forward a new method to study the principal compressive stress in the crust by seismic shear-wave anisotropy and apply to the capital area of China.
Data and geologic backgrounds

Principle
Large numbers of researches suggest that there are over all stress-aligned fluid-saturated vertical microcracks or pores (i.e. EDA-cracks) in crustal rocks and these EDAcracks are main sources which cause the seismic anisotropy in the crust [19] . Shear-waves split into fast shearwave and slow shear-wave while traveling through anisotropic EDA structure. The predominant polarization of fast shear-waves parallels to the strike of the stressaligned microcracks, consistent with the in situ principal compressive stress [1, 21, [31] [32] [33] . The time-delay of the slow shear-wave is related to the aspect ratio of crack and the crack density, which can sensitively indicate the change of stress [12] [13] [14] [15] . Shear-wave splitting in nature is similar to the double refraction in optical crystal.
The microcracks are ubiquitous structures in the crust. The stress-aligned cracks in the rock tend towards perpendicularly to the direction of minimum compressive stress. The vertical stress increases with the depth. If σ H , σ h and σ V are respectively the horizontal maximum compressive stress, the horizontal minimum compressive stress and the vertical stress, at the depth deeper than the critical depth, where σ V >σ h , the minimum compressive stress is in horizontal direction, the cracks in the crust appear in the vertically-aligned crack system. The critical depth, where σ V = σ h , is quite different from place to place, depending on the regional stress, local stress and rock types. Generally, the critical depth is between 500 to 1000 m [19] . Theoretical studies [1, 34, 35] show that shear-wave splitting is the most diagnostic phenomenon for recognizing anisotropy in cracked rocks in the crust. Shear-wave splitting is commonly observed in the Earth, which is recognized both in the seismograms in igneous and metamorphic rocks above small earthquakes and in the seismic reflection surveys and the vertical seismic profiles in sedimentary hydrocarbon reservoirs [36, 37] . Since the polarization of fast shear-wave parallels to the strikes of stress-aligned cracks, it can indicate not only the parameters of seismic anisotropy but also the direction of stress.
Data
Capital Area Seismograph Network (CASN) was built in 1999 and began to work on Oct. 1, 2001. The CASN is composed of 107 seismic stations, which are distributed mainly in Beijing, Tianjin and Hebei Province. The CASN spans 500 km in the EW direction and 400 km in the NS direction, the average distance between two stations is about 40 km. It is the widest scope and highest density of regional seismograph network in China [29] . With the continuous data accumulation, it provides a lot of excellent waveform data for researches of seismic waves in the capital area.
GEOPHYSICS
According to the distribution of CASN, the research area is 37.5°N to 41.5°N and l13.0°E to120.0°E in this paper (Figure 1 ). Using the seismic catalogue and CASN waveform data (from Jan. 2002 to Aug. 2005), 2548 seismic events with depth parameter are available and 1341 records in the shear-wave window are adopted. Considering the data qualities, 513 records of high quality are analyzed to obtain the parameters of shear-wave splitting which are obtained at 64 of all 107 CASN stations. In the 64 stations adopted, most of them are in the North China Basin, around Beijing, Tianjin and Tangshan, while some of them are in Taihang Uplift and less of them are in the conjunction zone between the Taihang Uplift and North China Basin, around Shijiazhuang ( Figure 1 ).
Shear-wave window is defined by incidence angle less than the angle, θ C = sin −1 (Vs/Vp), where Vp and Vs are the P-and shear-wave velocities, respectively. The complete reflection occurs at incidence angle larger than
Figure 1
Topography, faults and stations in the capital area. Black triangles are stations with station codes, white arrows mean the direction of maximum principal compressive stress in this area [44] . F1-F19 in the figure mean main faults in the studied area, listed as below. There are three main blocks in this area: Yanshan Uplift, Taihang Uplift and North China Basin. . The 45° shear-wave window by single layer crust model is adopted in this study to study shear-wave splitting and to detect the crustal seismic anisotropy.
The focal depths of events range from 5 to 30 km. A half (50.49%) of the events is at the depths between 10 and 20 km.
Geologic tectonics and stress field background
In geology North China consists of different blocks with differential movement pattern [38] . The capital area in the top of North China is one of the active tectonic zones in Chinese mainland, including three neotectonic elements, Yanshan-Yinshan Uplift (Yanshan Uplift), TaihangWutai Uplift (Taihang Uplift) and North China Basin. Within the capital area, there are many Holocene faults and Late-Pleistocene faults striking NE (or ENE) and NW (or WNW) direction (Figure 1 ). The faults striking in the NE direction (or ENE) is distributed widely in the Taihang Uplift and North China Basin, however the faults striking in the WNW direction outline the Zhangjiakou-Penglai tectonic belt [39, 40] and become the boundary zone between the Yanshan Uplift and Taihang Uplift and the boundary between the Yanshan Uplift and North China Basin. They form the basic tectonic background in the capital area. The Moho depth decreases from northwest to southeast, and the isoline alignment extends along NE [41] . Based on researches on crustal stress in Chinese mainland, the principal compressive stress is in the E-W direction in North China [42] . The focal mechanisms and borehole drilling data show that the average maximum principal compressive stress is at NE71.6° in this area [43] .
Comparing the GPS data with seismic data, it is known that the maximum principal compressive strain is consistent with the maximum principal compressive stress, and the maximum principal compressive strain in North China is at 85° [ 44] . All these show that the maximum principal compressive stress is nearly ENE or E-W in With the systematic analysis method (SAM) of shearwave splitting, this study adopts a SAM software developed by Gao et al. (2004) to analyze waveforms of CASN. We obtain results of shear-wave splitting at 64 stations of CASN, thereinto there are more than 3 available records of shear-wave splitting at nearly 2/3 stations (40 stations) and there are more than 20 available records of shear-wave splitting at 5 stations. On the basis of the average analysis for parameters of shear-wave splitting at each station, the distribution of shear-wave splitting is obtained as station (Figure 2 ).
There were some preliminary discussions about seismic anisotropy in the crust [25] and more detailed analysis about crustal seismic anisotropy in capital area will be completed in another paper. We only discuss the connections between shear-wave splitting and regional stress field in this paper. In Figure 2 , it is shown that the average polarizations at stations in northwest capital area, between the Yanshan Uplift-Taihang Uplift, are mainly in nearly E-W and ENE directions. In the north of central capital area, the conjunction zone between the uplifts and depression zone of the North China Basin, the average polarizations at stations are prominent in the NE direction, although some of them are also in the nearly E-W direction. In the east of central capital area, the depression zone of North China Basin, the average polarizations at stations are prominent in the E-W direction again. In southwest capital area, the conjunction zone between the Taihang Uplift and North China Basin, where it is the southwest part of Taihang Mountains Front fault, the average polarizations at stations prominently show the nearly NE direction. The E-W and NE (or ENE) polarization directions are quite correlated to the principal compressive stress in E-W or ENE in the North China Block and related to the faults with the strikes in NE or ENE directions [21, 25] . The equal area project rose diagram of fast shearwave polarizations in the capital area ( Figure 3 ) shows that the prominent direction is in the nearly E-W direction. The average polarization of the capital area is in NE85.7°±41.0°. The detailed results as stations are listed in Table 1 , those stations with more available records show more consistency in average polarizations of fast shear-waves. In Figure 2 it is also seen that a few of stations show different average polarizations, such as stations JNX and QSD, which are in the conjunction zone between the Taihang Uplift and North China Basin, however both respectively have only 2 available records of shear-wave splitting.
Principal compressive stress field in capital area
The average polarization of fast shear-waves in the capital area is in the ENE direction nearly to E-W from near- field data of CASN in Figure 3 . Lots of researches show that the prominent polarizations of fast shear-waves always parallel to the directions of regional principal compressive stresses [1, 2, 10, 14, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . It suggests that the principal compressive stress field in the capital area is in the ENE near to E-W direction, that is, in NE85.7°± 41.0°.
The comprehensive results show that the ENE near to the E-W direction is the direction of regional principal compressive stress. However, the local stress distribution is influenced by such as strikes and behaviours of faults, distribution of blocks and their connection, preparedness and occurrence of earthquakes, and stress change caused by earthquakes. Recent researches show that at stations on active faults, the polarizations of fast shear-waves are consistent to the strikes of faults. In complicated geologic tectonic areas, for example, at the conjunction zone between faults of different strikes, the polarizations of fast shear-waves are scattered [21, 24, 25] . These phenomena indicate the local detailed information on seismic activity and geologic tectonics, which is quite significant to understanding of actual local tectonics and stress distribution.
In the capital area, there are mainly two series of faults with strikes in NE or ENE and WNW or NW directions respectively. Both series of faults cross complicatedly each other (Figure 2 or Figure 3) . However, the faults striking in NE or ENE direction are dominant. Several occasional gleamy faults in the WNW direction coincide with the Zhangjiakou-Bohai seismic belt, which is geologically named Zhangjiakou-Bohai depression zone. Some researchers considered that the Zhangjiakou-Bohai depression zone should be extended eastward and named Zhangjiakou-Penglai depression zone, which plays the role of the boundary between the Yanshan Uplift and Taihang Uplift [42] . This large tectonic setting is also shown obviously in the stress field pattern.
The dense permanent CASN in the capital area makes the possibility in investigations on further detailed seismic anisotropy and stress field. The continuous spatial distribution of fast shear-wave polarizations is obtained with the spatial interpolation fitting of fast shear-wave polarizations (Figure 4) . Based on the above analysis, it actually indicates the distribution of the principal compressive stress in the capital area. Figure 4 shows that the principal compressive stress is in the nearly E-W direction in the vicinity of 40.0°N and l16.5°E. Even though there are several faults striking in the NE direction through Beijing City, the faults do not almost change regional stress. However, the principal compressive stress is in the NE direction respectively at the east 100 km and at the west 100 km away from Beijing. These local impacts apparently originate from the local faults striking in the NE direction, which cause the adjustment of stress field. The tectonic line at the conjunction zone between the Taihang Uplift and North China Basin possibly also exposes the local influence of stress field caused by geologic movements (also see Figure 2 ). In another aspect, the faults through Beijing City do not show evidence in influence on the regional stress field, which suggests that these faults are not active at present.
Because of the complicated differential interaction of tectonics and faults in the capital area, the regional principal compressive stress shows local characteristics. It causes apparent differences of stress fields among the uplift zone in northwest capital area, the north of North China Basin and the southwest conjunction zone between the Taihang Uplift and North China Basin ( Figure  4 ). It is no other than a phenomenon indicated by differential crustal seismic anisotropy (such as in Figure 2) .
The results in this study are well consistent to those from seismic and geologic data [38, 43] . The results from focal mechanisms plus deep well drilling [44] , GPS data, strain analysis, and seismic fracture [45] all show that the principal compressive stress is in the ENE near to E-W direction in the capital area. More other studies [40, 46, 47] also support the results in this study.
Discussions
The EDA-cracks exist broadly in the crust and shearwave splitting is closely related to the characteristics of EDA-cracks [1, 10, 34, 36] . Recent results show that the pattern of faults can directly influence the pattern of shearwave splitting [46, [21] [22] [23] [24] [25] . On the basis of research about seismic anisotropy in crust, the complicated fault distribution and stress field can cause the difference of parameters of shear-wave splitting, especially the parameter of fast shear-wave polarization [21, 24, 25] . Polarizations of fast shear-waves parallel to the strikes of stress-aligned cracks and are related to the in situ principal compressive stress field [1, 34, 36] . Observations show that the predominant polarization of fast shear-waves is identical to the regional principal compressive stress field [1, 10, 14, 15, 21, [31] [32] [33] . Therefore, only if there is enough close distribution of stations and enough quantity of observation data, can the polarizations of fast shear-waves be calculated by analysis of shear-wave splitting to further deduce the regional principal compressive stress.
With the data of CASN, presently the largest and the most dense regional seismograph network in China, this study obtains the regional distribution of principal compressive stress in the capital area by the analysis of shear-wave splitting. It is a new idea to obtain stress field in crust by seismic anisotropy. Compared with other research results of regional stress field in North China, it is verified that the principal compressive stress field in the capital area in this study is credible.
Due to the complexity of seismic anisotropy in crust and the disturbed waveform data by complex crustal structure, this paper only analyzed the data of events with seismic depths larger than or equal to 5 km in order to reduce the influence of the complex shallow crustal structure.
The pattern of active faults can much impact the local stress field. A specific phenomenon is that the polarizations of fast shear-waves tend to be identical to the strikes of faults. Considering the stress field, this phenomenon suggests a kind of twist and disturbance to regional stress field. The local characteristics of regional principal compressive stress field in this study suggest the different orders of the regional principal compressive stress and the local stress.
Crustal seismic anisotropy, stress field and fault speciality can be studied by shear-wave splitting. The results in this paper indicate that the image of the principal compressive stress field in crust can be deduced by crustal seismic anisotropy with the dense wide-scope regional seismograph network. It will result in the further studies on the seismic anisotropy and the connection among shear-wave splitting, seismic fault and stress field in crust.
Furthermore, due to crustal movement, deep process and earthquake, the stress field in the crust keeps in continuous adjustment. With the method presented in this paper, it is possible to study both the static and the dynamic stress field.
In addition, the method to deduce stress field by shear-wave anisotropy can use the data from abundant small earthquakes and micro-events near station, only if the waveform records are enough clear. It extends the data set availably in inversion of stress field.
The results in this paper are preliminary. With setup of more and more seismic networks and accumulation of seismic data, the result can be further continuously updated. 
